Minocycline is a tetracycline family antibiotic that has anti-inflammatory and immunomodulatory properties. These properties have shown promise in the treatment of conditions such as rheumatoid arthritis, Huntington's disease, and multiple sclerosis. Since lymphocyte activation is involved in the pathogenesis of many of these diseases, T cells are postulated to be a primary target in minocycline therapy. Previous studies have demonstrated attenuation of CD4+ T cell activation by minocycline, but a specific mechanism has not been elucidated. In this study, we investigated the effect of minocycline on the activity of three key transcription factors regulating CD4+ T cell activation: nuclear factor κB (NF-κB), activator protein 1 (AP-1), and nuclear factor of activated T cells (NFAT). Our data demonstrate that minocycline selectively impairs NFAT-mediated transcriptional activation, a result of increased phosphorylation and reduced nuclear translocation of the isoform NFAT1. Minocycline increased the activity of the NFAT kinase GSK3 and decreased intracellular Ca 2+ flux, both of which facilitate NFAT1 phosphorylation. These findings provide a novel mechanism for minocycline induced suppression of CD4+ T cell activation, and may better inform the application of minocycline as an immunomodulatory agent.
The tetracycline family of antibiotics is known to have multiple biological activities distinct from their antimicrobial function. Over the past two decades, the tetracycline derivative minocycline has demonstrated neuroprotective and immunomodulatory effects in animal models of diseases, including multiple sclerosis, Parkinson's, and Huntington's (1) (2) (3) . Interest in the mechanism of its neuroprotective abilities has driven extensive research on minocycline-induced effects on inflammatory signaling in monocyte lineage cells, particularly the brain-resident microglia (4) (5) (6) . Modulation of T cell activation and function has also been proposed as one of minocycline's major mechanisms of action.
T cell activation contributes to disease pathogenesis by creating an inflammatory environment that leads to cellular damage and death, as well as decreased immune function. Minocycline has been found to be therapeutic in multiple diseases whose pathogenesis is significantly T cell driven by modulating cellular activation and function. In rheumatoid arthritis (RA) patients, minocycline significantly improved clinical symptoms and increased the frequency of remissions leading to its usage as a disease modifying anti-rheumatic drug (7) (8) (9) . Studies using CD4+ T cell clones derived from the synovium of an RA patient showed that minocycline decreased activation-induced proliferation and inflammatory cytokine production (10) . Minocycline has also shown therapeutic effects on T cells in experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis. Minocycline treatment of rodents with EAE attenuated the severity of encephalitis, decreased T cell transmigration in vitro, and reduced CD4+ and CD8+ T cell infiltration into the spinal cord in vivo (1, 11) .
In the context of HIV infection, T cell activation is closely correlated with disease progression, and remains elevated even after longterm administration of highly active anti-retroviral therapy (HAART) (12) (13) (14) . No treatments currently exist for this ongoing, damaging process. We have previously found that minocycline can alleviate the incidence and severity of encephalitis in our simian immunodeficiency virus (SIV) macaque model of HIV-associated neurological disease (15) . In this model, minocycline treatment decreased cytotoxic lymphocyte infiltration into the brain, and reduced SIV and HIV replication along with p38 activation in primary lymphocytes in vitro (15) . We recently reported that minocycline treatment suppressed CD4+ T cell activation, decreasing activation marker expression (CD25, HLADR), cytokine secretion and proliferation (16) . These effects resulted in attenuation of both HIV infection and reactivation of latent virus in CD4+ T cells in vitro, and that attenuation occurs at the level of transcription (16) .
Despite numerous studies demonstrating suppressive effects of minocycline on CD4+ T cell activation, a specific mechanism of action remains to be elucidated. Classical T lymphocyte activation is characterized by changes in gene expression in response to two signals: 1) an antigen-specific signal through the T cell receptor (TCR) complex when it binds antigen:MHC molecules on the surface of antigen presenting cells (APCs), and 2) a co-stimulatory signal delivered through a molecule such as CD28 binding a B7-family member on the APC surface (17) . These signals activate diverse signaling pathways, including those mediated by the second messengers calcium (Ca 2+ ) and diacylglycerol (DAG). These pathways converge on the activation of three major transcription factor families to modulate gene expression: nuclear factor κB (NF-κB), activator protein 1 (AP-1), and nuclear factor of activated T cells (NFAT). To better understand minocycline's effects in CD4+ T cells, we investigated its impact on the activity of these three transcription factors. Here, we show that minocycline mediates selective suppression of NFAT-mediated transcriptional activation in primary human CD4+ T cells using a luciferase reporter assay. Minocycline increases rephosphorylation of NFAT1 which reduces its nuclear translocation after several hours of activation. Treatment with minocycline enhances the activity of GSK3 and attenuates intracellular [Ca 2+ ] by reducing extracellular Ca
2+
influx. These findings demonstrate a novel and specific mechanism of action for minocycline in CD4+ T cells that is critical to understanding its immunomodulatory properties.
EXPERIMENTAL PROCEDURES
Cell culture -Whole blood from healthy human donors was isolated in syringes with heparin. Informed consent was obtained under a Johns Hopkins IRB-approved protocol. PBMCs were separated by centrifugation on Ficoll (GE). Purified CD4+ T cells were isolated using CD4+ T cell Isolation Kit II (Miltenyi Biotec); purity was routinely >95% CD3+CD4+ by flow cytometry. Cells were cultured in R10 (Roswell Park Memorial Institute 1640 medium, 10% fetal bovine serum, L-glutamine, HEPES, gentamicin) and maintained at 37ºC and 5% CO 2 . CD4+ T cells (1x10 6 ) were cultured in 96-well plates and pretreated with minocycline (0-80µg/mL) for 3 hours before activation using either 10ng/mL PMA (Sigma), PMA and 1μM ionomycin (Sigma), or ionomycin.
Luciferase reporter assays -NFAT and AP-1 Luciferase reporters were obtained from Dr. Joel Pomerantz. pNF-κB-Luc was obtained from Stratagene. CD4+ T cells (5x10 6 ) were transfected by electroporation with 8μg reporter plasmid and 200ng pRL TK Renilla (Promega) using Human T Cell Nucleofector Kit (Amaxa). After transfection, cells were resuspended in warm R10 and incubated overnight. After pre-treatment and activation as above, cells were spun down, washed and luciferase activity was measured by Dual Luciferase Assay (Promega).
Western Blots -Whole cell lysates were prepared in RIPA buffer supplemented with protease and phosphatase inhibitor cocktails (Sigma). Marligen Nuclear Extraction kits were used for isolation of nuclei, followed by lysis in RIPA buffer. Lysates were run on BioRad Criterion 10% Tris-HCl. Antibodies used: NFAT1 (Abcam), GAPDH, TFIIB (Santa Cruz), phospho-p38 T180/Y182, p38, GSK3 α, GSK3 β, phospho-GSK3 α/β S21/9 (Cell Signaling).
Phosphatase Assay -Calcineurin activity was measured following manufacturer's protocol using Calcineurin Phosphatase Assay (Enzo Life Sciences). Minocycline (20 or 40μg/mL) was added to some reactions prior to addition of calcineurin, and maintained throughout the duration of the assay.
Intracellular Calcium Flux -CD4+T cells were loaded using Fluo-4 AM Direct Assay (Invitrogen) following manufacturer's protocol. After 30 minutes at 37ºC, aliquots of 1x10 6 ionophore ionomycin (18). DAG activates the Ras MAP kinase and protein kinase C theta (PKC-θ) cascades, and these pathways can be specifically activated by the DAG analog phorbol 12-myristate 13-acetate (PMA) (19) . These signals result in changes in gene expression through the activation of three major transcription factor families: NF-κB, NFAT, AP-1.
To determine which pathways contributed to minocycline's suppressive effect on activation, primary human CD4+ T cells from healthy donors were co-transfected with a reporter plasmid expressing firefly luciferase responsive to NF-κB, NFAT, or AP-1, along with a plasmid expressing Renilla luciferase under herpes simplex virus thymidine kinase promoter to control for transfection efficiency. Cells were pretreated with minocycline and then stimulated with PMA alone or in combination with ionomycin. After 4 hours, the effect of minocycline pretreatment on transcriptional activation was assessed by measuring luciferase activity. Minocycline pretreatment did not significantly impact transcriptional activation mediated by NF-κB or AP-1 when cells were activated by PMA alone or PMA with ionomycin (Fig. 1A, B) . Transcriptional activity of the Ca 2+ -dependent NFAT was induced only by PMA in combination with ionomycin, and not PMA alone (Fig. 1C) . Minocycline significantly decreased NFAT activity stimulated by PMA and ionomycin by ~5-fold relative to stimulated untreated control (Fig. 1C, Nuclear translocation of NFAT1 is decreased by minocycline treatment. The transcriptional activity of NFAT is strictly regulated by phosphorylation (20) . In resting cells, NFAT is maintained in a constitutively phosphorylated state in the cytoplasm. Upon T cell stimulation that initiates a rise in intracellular Ca 2+ , NFAT is dephosphorylated by the Ca 2+ -dependent phosphatase calcineurin, and translocates to the nucleus where it forms homo-or hetero-dimers to activate gene transcription (21) . As intracellular Ca 2+ returns to resting levels, calcineurin is deactivated and NFAT kinases rephosphorylate NFAT to facilitate its nuclear export.
NFAT1 is the NFAT family member predominantly expressed in primary human CD4+ T cells; this isoform has also been shown to represent the majority of NFAT DNA-binding activity in the first 4 hours after activation by PMA and ionomycin (22) . Therefore, we hypothesized that minocycline impairs NFAT activity by reducing nuclear translocation of NFAT1. Primary human CD4+ T cells were pretreated for 3 hours with minocycline (20 or 40µg/mL) and activated by PMA and ionomycin. Nuclear lysates were isolated for analysis by Western blot. Minocycline pre-treatment mediated a dose-dependent decrease in nuclear translocation of NFAT1 relative to untreated, activated controls at both 2 and 4 hours post-activation (Fig 2A) .
In minocycline-treated samples, the NFAT1 band had a higher apparent molecular mass compared to untreated samples (Fig 2A) . Previous studies have demonstrated that NFAT1 can migrate as a phosphorylated band with apparent molecular mass ~140 kDa and a dephosphorylated band with mass ~120kDa (23) . Since NFAT1 is exported from the nucleus upon phosphorylation, we hypothesized that minocycline-mediated nuclear export of NFAT results from increased phosphorylation of NFAT1. To investigate this possibility, primary human CD4+ T cells were pretreated with minocycline, and then activated with PMA and ionomycin for 4 hours. Whole cell lysates were isolated and analyzed by Western blot. Minocycline mediated a dose-dependent shift favoring the higher molecular mass, phosphorylated form of NFAT1 (Fig. 2B) . At the highest dose (80μg/mL), all detectable NFAT1 shifted to its higher molecular mass, phosphorylated, deactivated form that results in nuclear export.
Minocycline's effects are synergistic with PMA-mediated deactivation of NFAT1. Loh et al. demonstrated that after TCR crosslinking with antibodies, NFAT1 activation progresses through two phases: a rapid, calcineurin-dependent dephosphorylation in minutes followed by a gradual, slow deactivation and rephosphorylation taking place over hours (24) . This contrasts with ionomycin-stimulated NFAT1 activation, which persists for several hours with relatively little rephosphorylation. When cells are stimulated with both PMA and ionomycin, early activation of NFAT1 remains unaffected, but late deactivation is facilitated.
Since we observed that minocycline mediated a slow decline in nuclear NFAT1 levels over the course of hours, we hypothesized that early activation of NFAT1 was not affected, but rather that minocycline acts by facilitating gradual rephosphorylation and deactivation. Consistent with our hypothesis, we observed that minocycline did not alter NFAT1 dephosphorylation in whole cell lysates of CD4+ T cells after 1 hour of activation by PMA and ionomycin (Fig. 2C) . Instead, minocycline accelerated the shift to phosphorylated NFAT1. In treated cells, the phosphorylated band appears at 2 and 4 hours post-activation, while in untreated cells, the phosphorylated form does not appear until 4 hours post-activation (Fig. 2C ). Cells stimulated with ionomycin alone (Fig. 2D) had much less phosphorylated NFAT1 after 4 hours of activation compared to cells stimulated with PMA and ionomycin (Fig. 2C) . Minocycline treatment took relatively longer to elicit NFAT1 deactivation when stimulated by ionomycin alone: only the highest dose (40μg/mL) resulted in detectable rephosphorylation of NFAT1 after 2 hours of activation (Fig. 2D) . At 4 hours post-activation with ionomycin, low-dose minocycline (20μg/mL) resulted in incomplete rephosphorylation, while high-dose (40μg/mL) resulted in complete rephosphorylation and deactivation. In contrast, both doses resulted in complete rephosphorylation at 4 hours post activation with PMA and ionomycin. These data support a mechanism for minocycline acting directly on Ca 2+ signaling, and demonstrates that its effect is synergistic with negative NFAT1 regulation by PMA.
Calcineurin is not inhibited by minocycline in a cell-free assay. The extent of NFAT1 dephosphorylation, and corresponding length of NFAT1 nuclear residency, is dependent on two opposing forces: dephosphorylation by the phosphatase calcineurin, and rephosphorylation by kinases (both constitutive and inducible) that restore and maintain phosphorylation to facilitate NFAT1 export (20) . Multiple immunosuppressive agents target NFAT activation by acting on the phosphatase calcineurin, preventing binding and activation by the Ca 2+ -dependent protein calmodulin (25) . It has been suggested that minocycline's ability to suppress T cell proliferation may be related to chelation of Ca 2+ , but others were unable to demonstrate that minocycline altered intracellular Ca 2+ concentrations (10) . We utilized an in vitro phosphatase assay to determine whether minocycline's effects on NFAT dephosphorylation could be explained by direct chelation of available Ca 2+ reducing calcineurin activity, or a direct interaction between minocycline and calcineurin, thereby inhibiting its activity (Fig. 3A) . We found that minocycline (up to 40μg/mL) did not significantly affect the activity of calcineurin on a phosphopeptide substrate in a cell-free assay. EGTA treatment, a calcium-chelating control, decreased phosphatase activity to below the limit of detection (data not shown). These results demonstrate that the effect of minocycline on NFAT1 cannot be explained by direct chelation of available Ca 2+ or direct molecular interaction of calcineurin and minocycline.
Minocycline decreases inhibition of NFAT kinase GSK3. We hypothesized that minocycline may mediate increased phosphorylation and nuclear export of NFAT1 by increasing the activity of NFAT kinases. NFAT1 can be phosphorylated by p38, an activation-inducible kinase, and GSK3, a constitutive kinase that is inhibited by activation (26, 27) . After activation with PMA and ionomycin, p38 is activated by phosphorylation; it has been shown that NFAT1 is a p38 substrate, and activation-induced p38 has been hypothesized to be a negative regulator of NFAT1 (27) . At 1 hour post-activation, minocycline pre-treatment did not alter p38 activation; by 2 and 4 hours postactivation, minocycline decreased p38 activation (Fig. 3B) . This indicates that minocycline does not mediate increased NFAT1 phosphorylation through p38 activation.
GSK3 is a constitutively active kinase that assists in keeping NFAT1 deactivated in resting cells (26, 28) . Upon activation of CD4+ T cells, GSK3 isoforms are inhibited by Akt-mediated phosphorylation of serine residues (29) . Minocycline treatment did not affect inhibitory phosphorylation of GSK3 at 1 or 2 hours post activation (Fig. 3B) . However, by 4 hours post activation minocycline treatment reduced the level of phosphorylated GSK3 α and β, suggesting that minocycline treatment may enhance NFAT1 rephosphorylation through increased GSK3 activity. While this observation suggests one potential mechanism for minocycline-mediated increases in NFAT1 phosphorylation at 4 hours post-activation, this does not explain increased NFAT1 phosphorylation at 2 hours post-activation.
Minocycline attenuates intracellular Ca 2+ flux by reducing store-operated Ca 2+ entry. NFAT is known to be a sensitive integrator of Ca 2+ signaling in T lymphocytes. Intracellular Ca 2+ responds to strong stimulation or artificial store depletion in a biphasic manner: the first, peak phase consists of a transient rise in concentration representing the rapid release of intracellular Ca 2+ stores (specifically the ER) followed by a second, plateau phase of extracellular Ca 2+ influx through STIM1-mediated activation of store-operated CRAC/Orai1 channels at the plasma membrane, sometimes termed capacitative or store-operated Ca 2+ entry (SOCE) (30) . Previous studies have shown that NFAT-driven gene expression requires 1) intracellular Ca 2+ concentrations at or above 3-fold resting levels and 2) sustaining elevated Ca 2+ for a minimum of 25 minutes, optimally ~2 hours (31, 32) . By contrast, activation of NF-kB is dependent on the initial rapid Ca 2+ transient from intracellular store release, not sustained Ca 2+ (33, 34) .
In light of our data showing 1) minocycline does not inhibit early activation of NFAT1, 2) minocycline does not reduce transcriptional activity of NF-κB, and 3) minocycline's direct chelation of Ca 2+ does not affect calcineurin activity, we hypothesized that minocycline acts by suppressing SOCE in CD4+ T cells. We utilized the intracellular Ca 2+ indicator dye Fluo-4 to measure the effect of minocycline on intracellular Ca 2+ flux induced by ionomycin. It has been previously reported that concentrations of ionomycin <100nM are sufficient to release the majority of intracellular Ca 2+ stores without significantly permeabilizing the plasma membrane to Ca 2+ entry (35) . Ca 2+ flux initiated by 100nM ionomycin generates the expected biphasic response consisting of a fast peak followed by a slowly decaying plateau phase, and minocycline treatment reduces peak and plateau levels of Ca 2+ in response to ionomycin (Fig. 4A, solid 2+ peak and plateau are both suppressed, and minocycline treatment has no effect on them (Fig. 4A, solid vs. dashed red traces). In the presence of EGTA, peak Ca 2+ is reached earlier (t~75s) followed by the slowly decaying plateau phase. This indicates that the portion of the ionomycin-induced Ca 2+ response after this time requires extracellular Ca 2+ . These data strongly suggest that minocycline acts at the level of SOCE through the plasma membrane, and not by reducing the release of Ca 2+ stores, or their Ca 2+ content. Intracellular Ca 2+ levels during SOCE are determined by rates of influx through plasma membrane CRAC channels, efflux across the plasma membrane via plasma membrane Ca 2+ -ATPase (PMCA) and Na + /Ca 2+ exchanger (NCX), and reuptake into the ER and mitochondria by the sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) and mitochondrial Ca 2+ uniporter (MCU), respectively. We utilized the SERCA pump inhibitor thapsigargin to irreversibly empty ER stores and determine whether minocycline decreases intracellular Ca 2+ levels by enhancing Ca 2+ reuptake (36) . After treatment with 100nM thapsigargin, intracellular Ca 2+ levels steadily increase, and minocycline treatment attenuates this increase at t>175s (Fig. 4B, solid vs. dashed black  traces) . In the presence of EGTA, thapsigargin increases intracellular Ca 2+ levels until a plateau is reached at t~175s, indicating that Ca 2+ increases after this time point require extracellular Ca 2+ (Fig.  4B, solid red trace) . Minocycline does not decrease intracellular Ca 2+ flux in the presence of EGTA, indicating that minocycline does not affect the capacity of the ER to retain or efflux Ca 2+ (Fig.  4B, dashed red trace) . Taken together, these data suggest that minocycline acts on SOCE, suppressing activation-induced intracellular Ca 2+ flux over time, which is consistent with our findings of reduced NFAT1 dephosphorylation and increased nuclear export several hours after activation.
DISCUSSION
In this study, we demonstrate that minocycline reduces activation of NFAT1 in CD4+ T cells by increasing its phosphorylation and nuclear export several hours after activation by PMA and ionomycin. Furthermore, our data suggest two potential mechanisms for minocycline's effects: 1) increased activity of GSK3, and 2) attenuated intracellular Ca 2+ flux. Our data favor the latter as the major mechanism of action since GSK3 activity is not enhanced until 4 hours postactivation, and minocycline increases NFAT1 phosphorylation as early as 2 hours postactivation. By contrast, minocycline mediates early attenuation of Ca 2+ flux in the first 5 minutes after stimulation, providing a more plausible mechanism for enhanced NFAT1 phosphorylation.
Minocycline has long been hypothesized to act by altering Ca 2+ signaling. Multiple studies demonstrated that tetracycline family antibiotics including minocycline can act as a weak chelator of Ca 2+ (37, 38) . Our data on calcineurin activity and Ca 2+ flux are consistent with this, and strongly suggest that direct chelation does not significantly reduce available Ca 2+ concentrations. Our results also indicate that minocycline does not affect the content or release of Ca 2+ from intracellular stores, such as the ER. Instead, minocycline decreases the amount of extracellular Ca 2+ influx, suggesting that minocycline is acting at the level of SOCE. The steady-state plateau concentration of Ca 2+ during SOCE is determined by rates of influx (CRAC/ORAI1) and efflux (PMCA, NCX) at the plasma membrane, and reuptake into the major intracellular stores, mitochondria (MCU) and the ER (SERCA). The ability of minocycline to reduce thapsigargin-mediated Ca 2+ flux rules out a mechanism affecting SERCA pump activity. Our findings that minocycline mediates no change in Ca 2+ flux in the presence of EGTA suggest that the drug does not alter the rate of plasma membrane efflux. Taken together, the literature and our data suggest that minocycline acts through a mitochondria-based mechanism to reduce NFAT1 activation in CD4+ T cells.
Mitochondrial Ca 2+ buffering is known to be important in controlling Ca 2+ signaling in many cell types. Recent studies have discovered that mitochondria play an active role in shaping intracellular Ca 2+ signaling during T cell activation (39) (40) (41) . Mitochondria relocate to immunological synapses, and are critical to sustained Ca 2+ signaling (39) . In addition, mitochondria have been shown to translocate towards the plasma membrane after thapsigargin-induced Ca 2+ flux. In this study, CRAC channel activity was found to be dependent upon mitochondrial translocation and Ca 2+ uptake (40) . Mitochondria are proposed to sustain CRAC channel activity by reducing closure due to negative feedback of high Ca 2+ concentrations, thereby enhancing local Ca 2+ entry (40, 41) . Further evidence supporting this model showed that mitochondrial uncouplers prevent T cells from sustaining SOCE and ultimately reduce local Ca 2+ entry (41, 42) . We hypothesize that minocycline acts by reducing the capacity for mitochondria to buffer Ca 2+ , resulting in decreased SOCE in CD4+ T cells. In isolated mitochondria from rat liver and brain, minocycline has been shown to bind the inner mitochondrial membrane in a Ca 2+ dependent manner (37) . Minocycline forms Ca 2+ -dependent small ion channels that result in partial uncoupling of mitochondria, and reduced Ca 2+ retention as determined by Ca 2+ -induced mitochondrial swelling (37, 43) . Our data demonstrate that minocycline does not affect early Ca 2+ mobilization or early NFAT1 activation. Instead, minocycline accelerated NFAT1 rephosphorylation several hours after activation, and reduced levels of sustained extracellular Ca 2+ entry. Previous studies have shown that PMA and TCR stimulation mediate a late-phase deactivation of NFAT1 and that inhibitors of SOCE produce similar effects (24) . Our results indicate that minocycline synergizes with PMA-mediated effects to accelerate NFAT1 deactivation via phosphorylation, and that this is consistent with an accelerated return of intracellular Ca 2+ to basal levels.
The transcription factor NFAT is a critical, Ca 2+ -dependent regulator of T cell activation. We demonstrate for the first time that minocycline can significantly decrease transcriptional activation by NFAT1 in human CD4+ T cells. We previously showed that minocycline decreased HIV transcription during infection and reactivation from latency (16) . Our data indicated that minocycline impairs HIV at the transcriptional level, and that this effect was linked to attenuation of T cell activation, suggesting minocycline might have therapeutic effects on both HIV infection and immunopathogenesis. Our findings in this study provide a mechanism for these effects since NFAT1 is known to activate viral gene transcription from the HIV Long Terminal Repeat (44) (45) (46) . NFAT1 also plays a role in upregulation of immune response genes such as the IL-2 and TNFα, as well as controlling expression of cell cycle regulators such as CDK4 (47, 48) . This is consistent with our previous data in activated CD4+ T cells showing reduced cytokine secretion and proliferation (16) .
Chronic immune activation is hypothesized to be a major pathogenic mechanism in HIV, underlying CD4+ T cell depletion and immune dysfunction, as well as playing an important role in virus replication by generating activated host cells permissive to HIV infection. In HIV infection, minocycline may have use as a novel antiretroviral, as well as an immunomodulatory therapy to alleviate the effects of chronic CD4+ T cell activation. Current evidence supports a model of HIV pathogenesis where disease progression and cellular destruction is driven by immune activation. In HIV infected patients, activated CD4+ T cells (HLADR+CD45RO+) have been shown to be more prone to both spontaneous and activation-induced apoptosis ex vivo, and that this correlated closely with disease progression (49) . In a portion of discordant HAART-treated patients, virological suppression does not lead to satisfactory rebound of absolute CD4+ T cell counts (immunological non-responders, INR). INRs display significantly higher levels of proliferating (Ki67+) and activated (HLADR+CD95+) CD4+ T cells, higher propensity for ex vivo CD4+ T cell apoptosis, and lower levels of circulating naïve (CD45RA+CD62L+) CD4+ T cells relative to virologically suppressed immunologic responders (50, 51) .
The use of immune modulation to avert HIV pathogenesis is not unprecedented (52, 53 ). An effective immunomodulatory therapy for HIV should dampen immune activation to within optimal levels while avoiding complete immunosuppression, achieving a balance between the destructive effects of exuberant immune activation and the deficiency of immunosuppression.
We speculate that minocycline would be a potential candidate for this approach. We have previously shown that minocycline treatment of CD4+ T cells in vitro results in decreased levels of Ki67+ and HLADR+ cells, and increased levels of CD45RA+ cells after activation (16) . Minocycline-mediated reduction of cellular activation in HIV-infected patients could decrease the sensitivity of CD4+ T cells to death, decrease proliferation to reduce cellular turnover, and attenuate damaging inflammatory responses.
We previously demonstrated that minocycline's suppressive effect on CD4+ T cell activation is dose-dependent, with significant changes in activation marker profile at concentrations as low as 5µg/mL (16) . The results of our work indicate that 20µg/mL is the optimal concentration for suppression of T cell activation. Concentrations below this threshold, such as the 1-2µg/mL achieved in sera of patients during routine oral dosing, would be expected to provide partial blunting of T cell responses. There are two major caveats to consider: 1) it is difficult to relate in vitro concentrations to serum levels of minocycline during routine oral dosing, and 2) it is difficult to extrapolate serum levels to concentrations in critical immune tissues such as lung, brain or the secondary lymphoid organs. However, even if minocycline only partially blunts T cell activation in standard oral regimens, a recent study demonstrated that IV administration of minocycline can achieve concentrations exceeding 20µg/mL in sera with no short-term toxicity (54) . This indicates that more aggressive dosing regimens are a viable option to achieve higher in vivo concentrations and increase suppression of T cell activation if necessary.
An advantage of minocycline is that our in vitro measurements in this study indicate complete inhibition of the NFAT pathway would require concentrations in excess of 40μg/mL. This dose lies far outside the range of the highest reported in vivo concentrations, making the danger of total immunosuppression remote (54) . The dosedependent nature of minocycline's effects suggests that the immune response could be equilibrated to a desired set point by therapeutic dose monitoring. For example, minocycline is a potential trigger of drug-induced lupus, and recent studies demonstrate a clear association between increased NFAT1 activity in T cells and systemic lupus erythematosus (55) (56) (57) (58) . Paradoxically, in cases of minocycline-induced lupus, higher doses might prove therapeutic through increased suppression of NFAT1.
Given its function as a key regulatory factor in T cell activation, NFAT is one of the major targets of traditional immunosuppressive drugs in the immunophilin ligand class (cyclosporin A, FK506). Suppression of T cell activation with these drugs is therapeutic in many conditions including transplant rejection, graft-versus-host disease, autoimmune and inflammatory diseases, but carries with them a host of associated risks. Cyclosporin has a narrow therapeutic range due to the balance between adequate immunosuppression and toxic side effects such as nephrotoxicity; slow and variable absorption as well as high intra-and inter-patient variability in dose responses require intensive therapeutic dose monitoring and make HIV immunomodulation a challenge (59) . Minocycline is well-poised to reduce risks in these areas: the drug has been used safely for long-term treatment of acne, shows excellent tissue penetration with near 100% bioavailability, and our in vitro data show that its immunomodulatory effects are dose-dependent and NFAT specific. This last property makes minocycline an interesting candidate drug that can be used in an immunomodulatory manner. Therapeutic opportunities are open to minocycline in diseases such as HIV where the goal of therapy is not immunosuppression, but a new equilibrium for the immune response. Altogether, the results of this study suggest that minocycline has potential as a novel immunomodulatory agent and warrants further clinical investigation. and fold induction was calculated by normalizing firefly:Renilla ratios to unactivated controls. Each point represents 1 independent experiment; bars represent means. P-values calculated by Wilcoxon matched pairs test. 3 . Minocycline decreases activity of the NFAT kinase p38 and increases activity of GSK3. A) An in vitro, cell-free phosphatase assay was performed as described in Experimental Procedures incubating purified calcineurin with a peptide substrate in the presence or absence of minocycline. Activity is expressed as percent phosphate released normalized to untreated control. Bars represent mean ± SEM, n=3. B) Primary human CD4+ T cells were pre-treated with minocycline and activated for indicated times with 10ng/mL PMA and 1μM ionomycin. Levels of activated p38 (p-p38) and inhibited GSK3 (p-GSK3 alpha/beta) were analyzed by Western blot. Results are representative of at least 3 independent experiments. 
